Abstract. Electronic speckle pattern interferometry (ESPI) is combined with digital speckle photography (DSP) to measure out-of-plane deformation in the presence of large in-plane translation or rotation. ESPI is used to measure out-of-plane displacements smaller than the speckle diameter. In-plane displacements larger than the speckle size are obtained by DSP using artifacts images computed from the phase-stepped specklegrams. Previous works use the specklegram modulation for that purpose, but we show that this can lead to errors in the case of low modulation. In order to avoid this, a simple averaging of phase-stepped specklegrams allows obtaining the average irradiance, which contains information on the speckled object image. The latter can be used more efficiently than the modulation in DSP and is simpler to compute. We also perform a numerical simulation of specklegrams, which show that the use of background terms is much more stable against some error sources as compared to modulation. We show experimental evidence of this in various experiments combining out-of-plane ESPI measurements with in-plane translations or rotations obtained by our DSP method. The latter has been used efficiently to restore phase loss in out-of-plane ESPI measurements due to large in-plane displacements.
Introduction
Electronic speckle pattern interferometry (ESPI) is a technique used for the measurement of small deformations of diffusely reflecting objects. 1 The rough object surface is illuminated with coherent light and imaged onto a chargecoupled device (CCD) camera, where the object wave is superimposed on a reference wave. This produces a local interference pattern on the camera, the so-called specklegram. In order to measure the displacement undergone by every object point between two displaced or deformed states, specklegrams captured at these two states can be numerically subtracted from one another. This leads to an interferogram consisting of fringes superimposed on the object image. Depending on the geometrical configuration of beams, out-of-plane or in-plane measurements can be achieved. 1 In both cases, the ESPI measurement range is limited by the density of fringes, which can be resolved in the interferograms. Because the distance between two consecutive fringes is related to the laser wavelength and given the number of pixels of state-of-the-art cameras, ESPI generally allows for observing displacements up to a few tens of micrometers when used with visible lasers.
In practical applications, the object can undergo bulk motion that may be larger than the quantity to be measured by ESPI and the information between specklegrams is then lost. To overcome this problem, some techniques have been implemented. Digital speckle photography (DSP) is one of them and it is generally used to measure in-plane displacements larger than the average speckle diameter. The displacement field is calculated from the peak position of the cross correlation between subimages 2 taken from the speckle pattern of both the initial and the displaced/deformed states of the object.
In order to automatically extract quantified phase information from specklegrams, various methods are used in connection with ESPI. A first range of methods is based on phase shifting; the most commonly used method is temporal phase shifting (TPS) in which several specklegrams are acquired with additional phase steps produced between each frame. 3 Then the specklegrams are injected in a simple formula, which depends on the number of steps and on the phase step applied. Usually, the four-frame algorithm consisting of four specklegrams with π∕2 phase steps is used. 3 TPS assumes that during the phase-shift acquisition, the specklegrams are not changing in both intensity and phase, which limits the method to slow object changes. Combining TPS ESPI and DSP has been used by Sjödahl and Saldner 4 to measure three-dimensional (3-D) deformation fields in out-of-plane sensitive ESPI. The authors computed the speckle modulation function of the specklegrams (the amplitude of the interference term) from the four phase-stepped images in both initial and displaced object states and then used this modulation image in DSP to obtain the in-plane displacements. This method has also been used by Anderson et al. 5 to compensate for large in-plane displacements in ESPI. Groves et al. 6 have shown the combination of DSP and TPS shearography based on a Michelson interferometer. Shearography measures the out-of-plane strain components, whereas DSP measures the in-plane ones. In their setup, they used a shutter for blocking one of the interferometer arms for capturing the speckle image to be used for DSP.
Other authors used alternative methods for phase quantification and extraction of the speckle object image for DSP in cases where TPS ESPI is no longer usable, specifically for dynamic events observed with pulsed lasers.
First, the spatial phase shifting (SPS) ESPI 7 was used. In SPS, the reference beam must be tilted accurately with respect to the object beam in such a way that two adjacent pixels of the resulting specklegram have a phase shift of a given value (e.g., π∕2) from one another. Then a set of three phase-shifted interferograms is obtained by calculating the spatial average of the specklegrams taken between the two instants and which are digitally shifted from one another by one pixel. These interferograms are injected in the suitable phase calculation equation (specifically the three-frame algorithm). 7 As we see, the processing is quite complex and, in addition, SPS has the limitation that speckle grains must have a lateral extension of at least 3 pixels in the direction perpendicular to the carrier fringes, which requires the use of a slit instead of a circular aperture in the imaging system. 7 Langehanenberg et al. 8 used SPS ESPI to perform out-ofplane deformation measurement. For lateral displacements, DSP was applied using the modulation terms of speckle interferograms in a similar way as in Ref. 4 . SPS is also used by Martínez-Celorio et al. 9 to measure out-of-plane displacement in the presence of large in-plane displacement. In their work, they blocked the reference beam to directly record the object speckle images, without retrieving them from the set of phase-shifted images.
A second alternative to TPS is the Fourier transform (FT) method, which consists of using a carrier fringe pattern produced by tilting the reference beam with respect to the object beam. In the Fourier plane, high frequencies contain the information of phase to be used in ESPI and the low frequencies contain the background terms (reference and object beams). In that case, the speckle object field is obtained by filtering a portion of the Fourier plane. Gren 10 has shown recovery of a lost interference phase due to in-plane translation by combining pulsed ESPI with the FT method and DSP. Filtering the low frequencies and taking the inverse FT of the result allowed obtaining the speckle object image which was used for DSP, whereas higher frequencies were filtered for ESPI. The FT method requires an additional aperture for limiting the lateral extent of the different terms of interest in the Fourier plane, allowing their correct filtering but also limiting the lateral resolution of the objects observed.
In the work presented here, we have chosen to work with TPS ESPI because alternative methods have the limitations discussed above. Doing so, we assume the observation of slow object phenomena. We have seen that the combination of DSP and ESPI (whatever the phase quantification method) developed by other groups has been applied on two distinct principles. The first one consists of blocking the reference beam and separately recording images of the object covered with speckle. These images are obviously the ideal ones to be used in DSP, with the essence of the method. However, blocking the reference beam at each measurement slows down the process and requires synchronizing a shutter in the setup. The other principle is to extract an image from the sequence of phase-shifted specklegrams which contains the speckle or artifacts of the same size. So far, all works found in literature make use of the modulation of the interference term, which contains the information of the speckle of the object beam and also the reference beam. The modulation can be intrinsically low due to various factors and imperfections of the setup.
In this paper, we present a method that combines ESPI and DSP in order to study out-of-plane deformation in the presence of in-plane translations or rotations larger than the mean speckle size. Instead of blocking the reference beam or using modulation terms in the phase-stepped images, we use the background terms to calculate the in-plane displacements by DSP. We present an algorithm for compensating large inplane rotation and translation with subpixel accuracy. This compensation is used to restore the lost information in the fringe pattern of the out-of-plane displacement. In order to confirm our approach using background terms, a comparison with the other methods is presented. We also show that using the modulation can become problematic when it is low, as is the case with a misaligned reference beam, whereas our method still provides good results.
In Sec. 2, a theoretical description of the methods for the combined ESPI and DSP is given. In Sec. 3, we present experimental results of out-of-plane ESPI measurements with phase compensation due to in-plane DSP measurements. In Sec. 4, we experimentally compare different methods for computing images for DSP based on background and modulation terms. Finally, in Sec. 5, we propose a numerical analysis of parameters of interest and their impact on each of the methods compared. Figure 1 shows the optical configuration of a phase-shifting ESPI setup for measuring out-of-plane displacement, which was used in our study. A beamsplitter BS1 divides the laser light into a reference and an object beam. The smooth reference beam illuminates the CCD detector by way of a phase-stepping mirror PS. The object beam illuminates the diffusely reflecting object, and a photographic lens L images the object onto the CCD detector. It is recombined with the reference through a second beamsplitter BS2. In our experiment, the out-of-plane displacements undergone by the object will be measured by ESPI and bulk in-plane movements by DSP.
Theory
First, let us recall the principle of phase-shifting ESPI. The four-frame technique is used to calculate the phase of the deformation from the phase-stepped images. Four specklegrams are captured with the object in its initial state, with a phase step of π∕2 between the reference and object beams. The irradiances of the specklegrams captured at each point ðx; yÞ of the image plane with the initial object are given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 9 5 I j ðx; yÞ ¼ I av ðx; yÞ þ I m ðx; yÞ cos φðx; yÞ þ ðj − 1Þ π 2 ; , the modulation amplitude of the interference term, and φðx; yÞ is the random speckle phase given by the difference of reference and object beams' absolute phases. The phase can be computed by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 3 8 7 φðx; yÞ ¼ tan −1 I 4 ðx; yÞ − I 2 ðx; yÞ I 1 ðx; yÞ − I 3 ðx; yÞ :
After the object has changed, four new phase-stepped images are captured: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 3 2 0 I 
where φ 0 ðx; yÞ is the phase corresponding to the new object state. Similar to Eq. (2), we can compute the phase φ 0 ðx; yÞ corresponding to the object when it is displaced or deformed.
The quantity of interest to be measured by our ESPI setup is the out-of-plane displacement dðx; yÞ given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 2 0 7 φ 0 ðx; yÞ − φðx; yÞ ¼ 4π λ dðx; yÞ;
where λ is the wavelength of the laser light used. ESPI is limited to a deformation smaller than one speckle diameter. If the in-plane deformation exceeds this, then the speckle correlation drops to zero and the information of the interference phase of the out-of-plane deformation is lost. With the use of DSP to compute the speckle displacement from the recorded images, the phase can be restored.
DSP is based on digital cross correlation between subimages in the initial and the displaced/deformed images, respectively. The cross-correlation peak position gives the statistical average of the speckle motion within the subimages.
Subimages, which are used in literature 2 and in this work, have a typical size of 32 × 32 pixels, which is a good compromise between lateral resolution of the measurement and the cross-correlation quality. In DSP, the speckle size must be greater than 2 pixels to satisfy the sampling criteria (the Nyquist sampling criterion), which is fully satisfied by the optical configuration. The DSP measurement range is limited by the decorrelation of the speckle pattern, and the accuracy is a few percent of the pixel spacing. 4 For measuring in-plane displacements through DSP, the phase information is not of interest. However, Sjödahl and Saldner 4 have used the modulation amplitude of the interference terms I m ðx; yÞ and I 0 m ðx; yÞ, which are calculated from the phase stepped images by 
In the same approach, Langehanenberg et al. 8 use the modulation distribution of the specklegram proposed in Knoche et al. 11 for determining lateral displacement by DSP. In Knoche et al., 11 six algorithms for the calculation of the specklegram modulation are described and compared. The four-step algorithm (method 3 of Ref . 11), that is convenient for our case, gives the modulation by the following: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 4 0 0 γðx; yÞ ¼ I m ðx; yÞ 2I av ðx; yÞ :
Our approach is different. Instead of using modulation, either using Eq. (6) or its normalized form of Eq. (8), we consider the background or average irradiance I av ðx; yÞ. In our case, two images are created from the above eight phase-stepped images fI j ðx; yÞg j¼1 to 4 and fI 0 j ðx; yÞg j¼1 to 4 as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 3 2 6 ; 2 8 9 I av ðx; yÞ ¼ ½I 1 ðx; yÞ þ I 2 ðx; yÞ þ I 3 ðx; yÞ þ I 4 ðx; yÞ∕4;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 3 2 6 ; 2 4 6
In Sec. 4, a comparison is made between the methods using the modulation and the average irradiances. The in-plane components of the motion between I av ðx; yÞ and I 0 av ðx; yÞ are calculated by DSP. Through a combination of phase-shifting ESPI and DSP, all three components of the deformation field are determined from the same recordings.
Another application of this combination, which is of interest for us in this paper, is to restore the phase lost in out-ofplane sensitive measurements by ESPI. Such losses can be due to accidental large in-plane movements and have already been observed in our practical industrial experiments. Taking a series of specklegrams and continuously computing their phase differences by Eq. (4) is performed during the object change. When an in-plane accident occurs, the contrast of fringes is lost due to the speckle decorrelation. Then DSP is used through average irradiances obtained by the two sets of specklegrams before and after the accident. The specklegrams after the accident are recalculated on small subimages, taking into account the local movements determined by DSP. In Sec. 3, we will present the experiments which were performed to restore out-of-plane displacement after inplane accidental movements, using the DSP based on the average irradiances discussed earlier.
Experiments
In our setup (Fig. 1) , the laser is a diode pumped solid state (DPSS) Nd:YAG laser with a wavelength of 532 nm and power of 400 mW from Coherent, Inc. The CCD camera is a Micam VHR 1000 with 752 × 582 pixels of 8.6 × 8.3 μm 2 pitch, and a photographic lens (L) of focal length 80 mm is used to image the object on the CCD detector. The imaging aperture is adjusted to give a speckle size of 16.7 μm typically representing 2 pixels.
The object is an aluminum plate covered with scattering white powder. For the purpose of our study, we want to provoke loss of information in out-of-plane ESPI measurements due to large in-plane movements and to restore the phase using measurements of these movements by DSP. A simple way to do this is to perform out-of-plane rotations of the object, record specklegrams at different positions, compute the interferograms by ESPI between different positions, and provoke a large in-plane movement between two sequences of specklegrams. For that purpose, the object is mounted on controllable translation and rotation stages.
The DSP processing was developed under MATLAB®. We performed the computation of I av ðx; yÞ and I 0 av ðx; yÞ [Eqs. (9) and (10)] and we kept a zone of 608 × 480 pixels (corresponding to a typical observed size of 28 × 21 mm 2 ), which is then decomposed into 19 × 15 subimages of 32 × 32 pixels for performing the cross correlation between I av ðx; yÞ and I 0 av ðx; yÞ. From the sets of specklegrams, we computed the phase [Eq. (2)], and the difference of phases [Eq. (4) ] is computed to provide out-of-plane phase maps.
A primary application of phase restoration concerns outof-plane deformation when the object is subject to accidental in-plane translation. In an experiment, we provoked an 80 μm in-plane translation and the out-of-plane displacement consists of a rotation around the y axis. The eight phasestepped images of the two states of the plate are recorded. The phase map of the two translations is calculated by ESPI and is shown in Fig. 2(a) ; the fringe contrast has decreased over the whole image. When the DSP is applied to the two sets of images as explained earlier, we obtain an in-plane displacement map presented in Fig. 2(b) , with each arrow representing the local displacement on a 32 × 32 pixels subimage. We obtained a value of 1.641 pixels as the displacement in the x direction and 0.012 pixels in the y direction. The phase φ 0 ðx; yÞ corresponding to the second object state is then shifted by these two values. The resulting translated phase φ 0 t ðx; yÞ is used in Eq. (4) instead of φ 0 ðx; yÞ to obtain a new restored phase map of the out-of-plane displacement, as shown in Fig. 2(c) .
Another application of phase restoration concerns the case of in-plane rotations occurring during out-of-plane deformation. Figure 3(a) shows the phase map due to an out-of-plane rotation around the y axis with an in-plane rotation around the z axis of 0.7 deg. The in-plane displacement is so large in some parts of the image that the fringes were lost in these areas. Figure 3(b) shows the in-plane displacement field measured by DSP. The largest displacement is obtained in the upper right subimage and is 25.8 μm, which explains the decorrelation observed in the ESPI measurement. Now, we will compensate the out-of-plane rotation measurement of Fig. 3(a) using the DSP results of Fig. 3(b) . Compensation of the speckle movement is performed in the x and y directions with subpixel accuracy in the following.
First, we perform the compensation in the x direction by subdividing the phase image φ 0 ðx; yÞ corresponding to the deformed state of the object into rectangular horizontal strips of 608 × 32 pixels size. Each strip at a given y position is shifted in the x direction by the corresponding value of the displacement calculated by the DSP at their y position. Figure 3(c) shows the result of the phase compensation according to the x direction, and the lost information is restored in the lower half of the image. Subsequently, we compensate in the y direction in the same way but, in this case, we subdivide the phase map already compensated [ Fig. 3(c) ] along x into vertical strips of 32 × 480 pixels size. Figure 3(d) shows the final result of compensation in the x and y directions, where we can see that the fringe pattern is completely restored. Now, we are interested in comparing the method using the average irradiance of the four phase-stepped specklegrams I av , which is used as an artifact image for implementing DSP in the restoration of phase after a large in-plane accident.
Comparison of Methods for Producing Speckle
Images for DSP This part of the work is devoted to a comparison of methods, which provide images to be used in the cross-correlation algorithm of the DSP. We establish a comparison between the methods described in Sec. 2 and another method that will be introduced. We remind the reader that in our case, we use the average irradiance I av ðx; yÞ taken from the set of phase-stepped specklegrams. Other works mainly made use of the modulation of the interference term I m ðx; yÞ [Eq. (6) ], a normalized version of this last modulation γðx; yÞ [Eq. (8) ] or directly using the speckled object image I obj ðx; yÞ obtained after blocking the reference beam. In fact, the ideal method is the latter because only the speckle generated by the object is necessary in principle for the cross correlation. However, when DSP is used in combination with phase shifting ESPI, the "I obj method" would require a preliminary acquisition of only the object image with the reference beam blocked before each phase-shifted specklegram sequence, which is disadvantageous in practice and is time consuming.
We now reach the main discussion point of this section: using I m ðx; yÞ or γðx; yÞ could be a problem in DSP in the case of low modulation of the interference term in Eq. (1). Let us remark that Eq. (1) is an idealized case where the modulation only depends on the irradiances of the reference and object beams. In fact, the modulation can be impacted by several factors. The first factor is well known in interferometry and is the difference in polarizations between the interfering beams. Equation (1) is valid for identical polarizations, which is not always the case in practice, e.g., when an object depolarizes light which further interferes with a reference beam linearly polarized. A second factor is the integration of speckle grains in a pixel. This was discussed by Maack et al. 12 and they show that the higher the number of speckle grains integrated on a pixel, the lower the modulation. However, this is not an issue here since we have to resolve the pixel in order to apply DSP. A third factor is the matching of wavefronts between reference and object beams, as is known and largely discussed in literature. 13, 14 Various reference beam configurations exist with advantages and drawbacks, 14 but the usual case is the one of the smooth reference beam, which is used in our setup. For a typical ESPI arrangement as presented in Fig. 1 , the reference beam and the object beam arise from conjugate points: the reference beam is a spherical wave coming from a point source formed by a microscope objective lens (and possibly filtered spatially) and the object beam arises from the center of the diaphragm of the imaging lens L. Therefore, both wavefronts match quite well and the modulation I m is maximal. An important question that comes here is what happens if the modulation is low due to unmatched polarizations and/or wavefronts? In order to discuss this modulation decrease, we need to introduce a coefficient κ in Eq. (1), which contains different contributions to the modulation listed above. We then rewrite Eq. (1) as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 6 3 ; 5 8 0 
In order to decrease the modulation of the cosine term, a simple way to proceed experimentally is to misalign the reference beam, causing a mismatch between the reference and object wavefronts. We will analyze how the different methods behave for extracting artifacts to be used in DSP. Figure 4 shows the comparison of images that can be used for that purpose. Figure 4 (a) is I obj ðx; yÞ, which is taken after blocking the reference beam. This image is obviously considered as the ideal one for DSP and is the one to which we will compare other methods. Figure 4(b) is the average intensity computed from Eq. (9). The speckle is clearly obtained but the imprint of the reference beam is observed. Although a reference beam with such inhomogeneity does not highly impact the quality of ESPI results, it could impact the performance of the I av method for DSP. For that reason, we now introduce another method, which consists of retrieving the reference beam image I ref ðx; yÞ from I av ðx; yÞ, which by definition gives I obj ðx; yÞ. This procedure requires a single preliminary capture of I ref ðx; yÞ, but only once prior to all the measurements, contrary to the I obj method, which requires preliminary capture prior to each phase-stepped sequence. This new method supposes that the reference beam intensity does not vary during all the measurements. Figure 4(c) shows the result of this subtraction, which looks quite similar to I obj ðx; yÞ. Figure 4(d) shows I m ðx; yÞ and Fig. 4 (e) shows γðx; yÞ, which are similar to one another and also present variations similar to I av ðx; yÞ.
If we now alter the setup, e.g., by tilting the reference beam by an angle θ from the optical axis, the reference and object beams do not match perfectly and the modulation of their interference decreases. In general, this has a low impact in phase-stepping ESPI measurements. However, if we want to apply DSP under such a misaligned system, we can compare the effect of such a decrease of the modulation. Figure 5 shows the image obtained with the different methods already compared in Table 1 .
It can be clearly observed that the images based on modulation [Figs. 5(d) and 5(e)] have a much lower intensity than others [Figs. 5(a)-5(c)] and the speckle artifacts are less visible, too. Therefore, in principle, DSP results using modulation should be altered. We then performed an experiment consisting of in-plane translation and computed the global displacement by DSP. We have compared the five methods presented above, and additionally in the two cases where the object and reference beams are well aligned and then misaligned. Figure 6 presents the computed in-plane displacement for the case of the θ ¼ 10 deg misalignment angle. It can be seen that methods based on I obj , I av , and I av − I ref give similar results: all the displacement computed on the different subimages goes in the same direction with the same amplitude. In the case of methods based on the modulation, I m and γ, a large number of erroneous results is obtained: arrows have random directions and lengths. It must be noted that the arrow plots are obtained by autoscaling the vector displacements calculated by DSP. Such erroneous values are not observed in the case of a well aligned ESPI setup. The example is shown in Fig. 3 , which was obtained with a well aligned reference, and object beams did not show any difference between the different methods on a similar in-plane movement. Table 2 shows values of displacements in pixels obtained by DSP in the different cases discussed earlier. The same experiment of in-plane translation has been performed in the case of a well aligned setup and then with misaligned ones, with increasing the levels of misalignment, hence decreasing values of the coefficient κ. The displacements are expressed in pixels, as computed by the cross-correlation software. They represent the average value of the displacement measured for each of the 19 × 15 subimages; the standard deviation is also given in the table. We also calculated the relative error (in percent) of these displacements with respect to that calculated by the ideal I obj method.
It can be seen that in the case of well aligned beams, all methods give results which are in good agreement with the I obj method. In the case of a misaligned setup, good results are obtained with I av and I av − I ref methods. However, I m and γ methods provide average values, which depart from I obj when the misalignment increases and the standard deviation is dramatically high for a misalignment of 10 deg, which make these methods unreliable for DSP in this case.
We performed similar experiments with in-plane rotations and computed the displacements by DSP in the case of the misaligned setup (Fig. 7) . It is clear that I m and γ methods fail again as is observed in Figs. 7(d) and 7(e) . Also, it can be observed that the I av method provides some erroneous values [ Fig. 7(b) ], which are removed when a preliminary image of the reference beam is subtracted [ Fig. 7(c) ].
We applied the restoration of phase already discussed in Sec. 3 to the case of the misaligned setup ðθ ¼ 10 degÞ. We reproduced the experiment of Fig. 3 : an out-of-plane rotation has to be measured by phase-shifting ESPI but is perturbed by an in-plane rotation that we measure by DSP. Figure 8(a) shows the phase map of an out-of-plane rotation obtained by ESPI. Similar to Fig. 3(a) , fringes are lost where the displacement due to the in-plane rotation is high, i.e., far from the rotation center. Additionally, the contrast of fringes in the bottom left corner of the image is lower here due to the misaligned setup. The DSP is now applied using images calculated by the I av − I ref method, which was the most efficient, as shown in Fig. 7 . The in-plane displacement measured by DSP is shown in Fig. 8(b) . These displacements are used to restore the phase by the method already explained in the previous section. The resulting phase map is shown in Fig. 8(c) .
5 Numerical Analysis of the Effect of Parameters of Interest In order to summarize the experimental results presented at the previous section, we have seen that DSP, based on the modulation extracted from the phase-shifted specklegrams, can return unreliable results when the modulation (hence the κ coefficient) is low. The ideal κ is equal to one, but in practice, it has smaller values. For the best alignment, which we were able to reach so far in our setup, an average value of κ was determined to be on the order of 0.3 (Table 1) . We have seen that under such circumstances, the different methods show good agreement with one another. When the κ value is smaller, the methods based on modulation (I m and γ) show an increase of errors, with higher errors for the second one, while methods based on background terms (I av and
We will now analyze the parameters which influence the capability of each method to be used in DSP, i.e., to stay consistent (or as close as possible) to the real speckled object image I obj , which is the ideal one for DSP. In the following, we have numerically simulated specklegrams by using Eq. (11), not considering a full image but a line of 200 pixels, which is found sufficiently good while allowing a short computing time. The object beam irradiance I obj is simulated with a random speckle of 2 pixels lateral extent, which corresponds to our experimental speckle size. The smooth reference beam I ref is simply a constant value (spatially filtered beam without speckle). In practice, the reference beam can show some variations (e.g., Gaussian profile), but we have neglected them here for simplicity, and this corresponds sufficiently to our reference beam. The phase φ was set to a value which yields close and resolvable fringes. In order to be consistent to the real experimental results, we have truncated the simulated values to integers ranged between 0 and 255 (digitalization on 8 bits). For simulating values of κ, we also use a random pattern but with parameters which are such that its average and deviation are the ones observed experimentally and given in Table 1 . Since we use random patterns, all simulations presented in this section were performed 20 times and the figures of merit of interest calculated in various cases are averaged values. In all cases, standard deviations were on the order of 2%. First, we have simulated the case of a well aligned system (angle between reference and object beam θ ¼ 0 deg, which corresponds to κ ¼ 0.3). We also used typical irradiance values of our experimental object and reference beams and our simulation returned the profile of I obj plotted in Fig. 9(a) , together with the constant smooth reference object irradiance In order to objectively analyze the similarity of all these plots with I obj , we will compute the correlation coefficient r between each of them and I obj , which is defined as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 6 3 ; 3 6 0 r X ¼ P n i¼1 ðX i − hXiÞðI obj;i − hI obj iÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P n i¼1 ðX i − hXiÞ
where n is the number of pixels simulated (here 200) and X represents I av , I av − I ref , I m , or γ. In the case of the simulations shown in Fig. 9 and corresponding to κ ¼ 0.3, we obtain the values in Table 3 . We can see that the first two methods based on background terms are perfectly correlated to I obj , whereas I m and γ are, respectively, moderately and weakly correlated to the latter. Now, we will study the influence of some parameters of interest. First, as we make use of phase-shifted specklegrams, we analyze the effect of an error on the phase step for the different methods. The four-frame algorithm, which is used here, assumes a phase step of π∕2 [Eq. (2)]. As is known in interferometry, if a phase step different to this value is applied (e.g., coming from a bad calibration of the phase shifter), then error appears on the calculated phase. 15 In our simulation, we have introduced a multiplicative error coefficient to the π∕2 phase step in the cosine term of Eq. (11) . We have simulated a relative error ranging between 0% and 50%. The resulting correlation coefficients for the four methods are plotted in Fig. 10 .
We can see that both methods based on background terms give a maximal correlation coefficient of 1 for small errors, which decreases to 0.99 for phase-shift errors larger than 10%. I m decreases from the maximal value of 0.78 to 0.65 for a phase-shift error of 50%, while γ remains low and unchanged, close to its value of Table 3 . It must be noted that, in practice, errors of a few tens of percents in phase-shifting are not observed when a correct phase-shifter calibration is performed. One may conclude that phase-shifting errors produce a very limited impact on the performance of all the methods studied.
We have also studied the effect of additive noise I n in the background term. In order to take it into account in Eq. (11), we write I av ¼ I obj þ I ref þ I n . Such noise can come from incoherent background light and does not participate in the specklegram interference term, but it decreases its contrast. This additive noise will be obviously present in methods based on I av , I av − I ref and γ but not in I m , through their definition. We have simulated I n , which is expressed in percentage of the average irradiance I obj þ I ref . Figure 11 shows the evolution of the correlation coefficient between each method and I obj when the percentage of noise increases up to 100%. It is clear that such noise has a negligible effect.
Finally, we have studied the effect of the beam ratio R between I ref and I obj . We have performed the simulations by changing the level of I ref , hence of R, and the simulation was reproduced for different values of experimental values of κ (Table 1) . Additionally, we used an ideal value κ of 1 with no deviation. Simulations for all values of κ show the same behavior, which is presented in Fig. 12(a) , in the case of κ ¼ 0.3. Methods based on background terms return a perfect correlation to I obj , whatever the ratio R. I m shows a lower but constant correlation and γ shows a correlation which, for increasing values of R, tends asymptotically to a maximal value r γ;max , which is equal to the one of I m . Figure 12(b) shows the influence of κ on the maximal coefficient of correlation r X;max for each method X.
From the above numerical study, we can conclude that the methods based on background terms always show a perfect correlation with the ideal I obj method. The other methods based on the modulation have a lower correlation, specifically the γ method. Increasing the ratio R significantly improves the γ method, but doing so will degrade the specklegram contrast, which is not advantageous for the combined ESPI. At last, it is clear that all methods will behave well and similarly to one another when the coefficient κ reaches its maximal value. This is the case of a perfectly aligned setup and with identical polarizations of the reference and object beams.
Discussion and Conclusion
In this work, we have discussed a method for simultaneous measurement of three components of the displacement/ deformation field from the phase-stepped specklegrams acquired by temporal phase-shifting ESPI and combined with DSP. Out-of-plane displacements smaller than the speckle size are determined by ESPI, while DSP computes in-plane-displacements larger than the speckle size. DSP performs the cross-correlation between images of the object, taken prior to and after the object movement, and which are covered with speckle grains sufficiently resolved. When applying DSP in combination with out-of-plane ESPI, one way to achieve this is to block the reference beam of the ESPI setup and capture the speckle image at each position of the object prior to the phase-stepped sequence. The other way is to make use of the phase-stepped specklegrams recorded at each object position during its deformation/ movement, which allow obtaining images with artifacts from which DSP is applied. This has been reported already by other authors, who use the specklegrams' modulation (amplitude of interference term) for that purpose.
In our paper, we have proposed a simpler method based on the average of the phase-stepped specklegrams (background term), which is a straightforward addition of images. Besides the obvious advantage that the average is much simpler to compute than the modulation, we show that the average method is immune against errors observed with the modulation. Such errors are prominent when the specklegram modulation is low, as is the case when the polarizations and/or wavefronts of object and reference beams are badly matched. In the case of polarizations, this can be caused by the object surface properties and cannot necessarily be controlled. The wavefronts mismatch is caused by setup imperfections or misalignment.
We have shown experimentally the impact of a setup misalignment in the application of DSP combined with ESPI. While out-of-plane ESPI interferograms were of correct Fig. 10 Evolution of the correlation coefficient between I obj and different methods used in DSP in function of relative error on the phase step (in the case of the four-frame algorithm). quality, the extraction of speckle images through the specklegram modulation failed to give reliable results in in-plane measurements by DSP. On the contrary, using the background terms still made this measurement feasible. We have also shown that a preliminary capture of the reference beam image can be retrieved from all average images to further improve the performance of the method. We have numerically studied some parameters of interest, which could have an impact on the different methods for their proper use in DSP, i.e., we have studied the correlation between the ideal method (which uses the image of the object covered with speckle) and all methods extracting features from the phase-stepped specklegram sequences. In particular, we found no effect of an incoherent additive noise on any of the methods, based either on background terms or on modulation of specklegrams. An error on the phase step had no effect on most of the methods and an insignificant one on the modulation method. We found a significant effect of the ratio between the reference and object beams on one of the methods based on modulation. When the reference beam irradiance becomes much higher than the object one, all methods tend to behave similarly. Also, we have shown that when the intrinsic modulation increases (high values of the merit coefficient κ), all methods behave similarly and should return reliable in-plane DSP measurements.
Compared to works already published on the combined in-plane DSP and out-of-plane ESPI measurements, the measurement range obtained is consistent with other works. There is a priori no reason that the in-plane DSP measurement based on background terms returns different results than using modulation. However, it is clear that methods based on the modulation have to be used when the latter is high, otherwise DSP fails. Therefore, we recommend using the simpler method based on the specklegrams' background term.
With this method, we have performed experiments of outof-plane measurements by ESPI, which were perturbed by an accidental large in-plane movement (rotation) and in the case of a misaligned setup. The restoration of the out-ofplane phase map through in-plane DSP measurements and based on the average of specklegrams proved to be working efficiently.
The application of this in future works will be to correct in-plane accidental movements which perturb or provoke loss of phase during measurement by out-of-plane sensitive ESPI, as is sometimes the case in out-of-laboratory conditions.
